The periodic small-cluster method is a full many-body approach. It treats the band-structure effects and electron-electron interaction on an equal footing. It has been successfully applied to various problems 1 3-25 where local many-body effects are important. In this approach, a model Hamiltonian which explicitly includes bandstructure effects and many-body interactions is solved exactly. The problem is made tractable by modeling the solid as a ·limited-size crystal with periodic boundary conditions. This is equivalent to solving exactly a many-body problem with integrals in k space restricted to a limited sampling. It has proved to be very good at determining spatially uniform and shon-range propenies, but fails at any propeny with non-uniform long-range characteristics. Because of the limited size of the cluster, one would not expect to get a sharp phase transition in this approach, but indications of possible mechanisms involved in long-range correlations can also be obtained. The computational overhead is drastically reduced by the full use of group-theoretical techniques.
In this paper, the periodic small-cluster method is applied to study the photoemission spectrum of a two-layer Ni -film system. The purpose is to modify the approach of Reference 11 so as to study the surface electronic structure of Ni metal. Some interesting results induced by the surface are found. Surface-sensitive photoemission experiments, either integrated or resolved in energy, angle and/or spin, are suggested to test these results. The rest of this paper is organized as follows. Section II is a detailed description of the model Hamiltonian used to study the thin-film structure of Ni metal. Crystal-field effects in the two-layer Ni -film structure are discussed. Section III describes the method of calculation. Section IV presents the single-panicle electronic structure of the Ni -film system. Insight into the problem of surface effects on the electronic structure of Ni metal is obtained. Section V shows the one-particle density of states that would be measured in surface-sensitive valence-band photoemission experiments. Integrated results as well as those energy-, angle-and spin-resolved ....
• -3 -are obtained and discussed. Conclusions are given in section VI.
II. THE HAMILTONIAN
The Hamiltonian for bulk Ni metal is described in Reference 11. Here the same four-atom tetrahedral cluster, the smallest nontrivial fcc crystal, is chosen, but with periodic boundary conditions applied only in a two-dimensional plane to form a twolayer Ni film with (00 1) orientation (see Figure 1 ). The z axis is perpendicular to the film. This is equivalent to a restricted sampling of two points in the surface Brillouin zone. In this structure, each atom has only eight nearest neighbors instead of twelve as in bulk fcc crystal, i.e. four in the same layer and four in the adjacent layer. There are five d orbitals per atom per spin; in the presence of a cubic field, as in bulk Ni metal, these orbitals split into a triplet t 2 g and a doublet e g. In the two-layer fcc structure discussed here the environment for each atom is radically different from that in a bulk fcc crystal. The d orbitals funher split into more energy levels. This crystal-field effect is one of the major features of the results obtained here.
The model Hamiltonian contains both single-particle and two-particle terms: The photoemission process adds a third hole to the cluster, yielding 9880 final states.
Clearly, the four-atom cluster model for Ni has a very large manifold of states. The symmetries inherent in the Hamiltonian (2.1) must be exploited to reduce the size of the matrices to be diagonalized. In fact, there are many symmetries in the system. 
, and
. These ' Y and X representations, labeled by the translation-group k vectors, correspond to the following points of the two-dimensional square Brillouin zone (which extends over the region -27t/a < ± kx ± ky S 27tla ):
where a is the cubic lattice constant of the fcc structure. These two points constitute the finite sampling of reciprocal space inherent in the periodic-cluster approach 12 • The character table of the group 32 is given in Table II .
The two-layer structure discussed here can be obtained directly from the original bulk structure discussed in Reference 11 by symmetry reduction. There are compatibility relations between the irreducible representations of the group of the four-atom cluster fcc bulk structure and those of the two-layer structure (see Table Ill ). With a complete set of matrices that transform according to these irreducible representations 33 , it is possible to project out sets of symmetrized basis states. Since the representations cannot mix, this is equivalent to a block diagonalization of the Hamiltonian. In the case of three holes in the cluster, the largest block is (335 x 335), a considerable reduction from the original (9880 x 9880) matrix. The various block sizes are shown in Table IV . The solutions obtained by diagonalizing these blocks are exact solutions of the full Hamiltonian for the cluster.
IV. SINGLE-PARTICLE ELECTRONIC STRUCTURE
Before solving the full many-body problem, it is instructive to look at the oneparticle energy levels in the U = J = M = 0 non-interacting limit to determine the changes on the electronic structure caused by single-particle effects in the presence of surfaces. In the finite, two-point sampling of the four-atom periodic cluster, there are twenty spin-independent one-electron energy levels, ten at y and ten at x. They are distributed among the ten irreducible representations. Energies are obtained in tightbinding calculation with use of the parameters given in Table I . Results are shown in Table V In Table VI It can be seen that in the thin-film case the whole range from the bottom (symmetry in the thin-film case is considerably smaller than the value (1.55 eV) in the bulk case.
If the contribution from band pair 9-10, the "bulk bands", is excluded, the averagedband width in the thin-film case is only 0.99 eV, i.e. less than 2/3 of the bulk value.
The standard deviation of the center of gravity of the d bands in the bulk case ( Table V is shrunk by 1.1 eV from the bulk value. In the thin-film case, band pair 7-8, of symmetry (r 2 -3z 2 ), is almost flat, a characteristic feature of a surface (two-dimensional) non-bonding system.
The above results clearly show that, while the usual coherent band-structure effect is still important in producing band narrowing, the essential features of the singleparticle electronic structure of the Ni -film system studied here is dominated by crystal-field effects, as the result of the presence of the anisotropic environment at surfaces. Qualitatively speaking, if the band-energy dispersion is expressed as
then the coefficient c 1 is the dominant effect in changing the single-particle electronic structure from the band structure of bulk Ni metal. It determines the wide distribution of centers of gravity of the d bands, and also leads to the inhomogeneous broadening of the surface bands. Although the fine details of d -band structure of a true Ni metal surface may be modified in more accurate calculations, the main features given here -10-should remain valid.
To understand the results obtained in the periodic-cluster method, a more realistic band picture is sometimes helpful and imponant. In the present Ni -film system, it is necessary to introduce the band picture to give a correct interpretation of the results.
In the restricted finite-basis calculation used in this contribution, the two holes in the four-atom cluster sit on the highest electronic energy level of symmetry x 5 . According to Hund' s rule, these two holes must be in the same spin orientation, i.e. in the minority-spin state 35 • Therefore the Fermi level will be at the x 5 majority-spin level.
This is actually an atomic point of view, i.e. a discrete-level picture. In fact, in a true solid energy levels form energy bands as illustrated in Figure 2 . The top band in the thin-film case (band pair 9-10) can accommodate four electrons (holes) of each spin.
In this case two holes in the cluster will be in the minority-spin band which is now 
V. PHOTOEMISSION SPECTRUM
Photoemission experiments provide a useful probe of the electronic state in many-body systems. The physical process involved is intrinsically shon-range. Therefore it should be well described in the periodic small-cluster approach.
The photoemission process adds a third hole into the system. The one-electron density of (emitted) states (DOS) is calculated by adding a hole to the two-hole ground state and projecting the result onto the eigenstates of the cluster with three holes.
When hole of panicular spin orientation and spatial symmetry is added, one obtains spin-and angle-resolved density of states. These may be added together to obtain the total d -band photoemission DOS.
For two holes in the cluster the Hamiltonian (2.1) yields an accidentally degenerate many-body ground state of symmetries 1 y 3 and 3 y 4 • When nearest-neighbor exchange is considered 3 y 4 has lower energy and is henceforth considered to be the ground state. It is found to contain only holes from the x 5 one-electron orbital and has zero probability of having two holes in the same site. As a consequence there is no contribution from the on-site electron-electron interaction. The photoemission spectrum is defined as This intensity shift is essentially caused by the energy-level rearrangement resulting from the crystal-field effect in the presence of surfaces, as discussed in sections II and IV. Another important feature is related to the satellite pan of the spectrum, i.e. the peak around 7 eV below the Fermi level. It is broader and its relative intensity is much higher, compared with the main satellite peak in the bulk case 11 • This latter feature implies that correlation effects are stronger in the thin-film structure, because of the geometric confinement in the presence of surfaces.
The ground state of the cluster contains two holes, it must also contain thirtyeight electrons. For this reason, the photoemission spectrum is quite complicated.
Nevertheless, the gross features can still be understood based on the single-particle picture given in section IV, although one should keep in mind that real situation is much more complicated. In the full. many-body approach configuration interaction mixes all one-panicle levels, and all satellites in the photoemission spectrum are produced by electron-electron interactions, which are not taken into account in the single-panicle picture. Figure 5 shows the energy-resolved spectrum of the probability of finding two holes on the same site after photoemission. It can be seen that the three-hole eigenstates corresponding to the "main-line" spectrum [£ > E 0 ; E 0 is the location of the lowest single-electron state at x in the d band according to the single-panicle calculation] exhibit a greatly reduced probability of finding two holes in one atom, as opposed to 50% in a random state created from the 3 y 4 ground state. As a consequence, exchange splitting within the main line is small (see Figure 4) , as was the case in the bulk results 11 • However, three-hole eigenstates in the satellite pan of the spectrum have a very high probability of finding two holes in one atom, which leads to a sizable exchange splitting, as can be seen in Figure 4 .
The "main line" contains decreased probability of two electrons being on one site; the electrons are repulsively correlated, avoid each other and produced a narrower one-electron band. This narrowing was also observed, experimentally 9 and theoretically10, in the bulk.
From Figure 4 one can see that the peak at the Fermi level has only the majority-spin weight Further study shows (see Figure 6 ) that all the weight of this peak comes from the contribution of the emitted electrons of x 5 symmetry, as expected. This peak should be observed in an surface-sensitive spin-and angleresolved (corresponding to the x point in the surface Brillouin zone) photoemission experiment. However, as discussed in section IV, in a spin-resolved photoemission experiment one should find that the emitted electrons of the highest kinetic energy (i.e. where I+ and I_ are the total intensities of the majority-and minority-spin states. One interesting feature of the photoemission spectrum of the Ni -film system is that even if the total emission is only 5.3% polarized, some energy-resolved peaks are nonetheless highly polarized. Table Vll shows the relative polarization of the major peaks in the photoemission spectrum. In a surface-sensitive spin-and energy-resolved photoemission experiment one should be able to observe these highly polarized peaks with the polarization direction alternating as the energy changes. Figure 7 and Figure 8 present the angle-resolved photoemission spectrum, corresponding to the 'Y and x points in the surface Brillouin zone. It is worth noting that the spectra corresponding to the two points are very different.
The spectrum corresponding to the 'Y point has a single large peak located about 2 eV below the Fermi level (within the main line), while some much weaker peaks spread out in a quite broad energy range. There is no peak at or near (within 1.0 eV range) the Fermi level. The spin polarization of the major peak in the main line is weak (about 13%). The intensity of the peaks in the satellite part is low; however the polarizability is very high --almost fully polarized in the majority-spin orientation.
On the other hand, the spectrum corresponding to the x point has several peaks close together in the main line. The peak at the Fermi level is fully polarized in the majority-spin orientation. The other peaks in the main line are not highly polarized (relative polarization is less than 10% in the minority-spin orientation). There is a pronounced satellite peak around 7.0 eV below the Fermi level; its relative intensity is very high and thus it should be easily observable in a surface-sensitive photoemission experiment. Comparison of Figures 6 and 8 shows that the dominant contribution to the photoemission spectrum corresponding tO r = X comes from the States Of X 5 symmetry.
The density of calculated emitted one-electron states presented in this section
should be compared with surface-sensitive valence-band photoemission experiments with incident-photon energies in a range such that the penetration depth of the photons is about one single atomic layer. The results obtained in this contribution, which are characteristic of the electronic structure of Ni metal surface, should be observed.
Although details of the real structure may be different, the main features should remain correct because of the very large contribution of the many-body effects.
VI. CONCLUSION
A many-body periodic small-cluster model of 3d electrons for a {001} dilayer of fcc Ni has been studied to explore the modification of the electronic structure in the presence of surfaces. This approach incorporates both band-structure effects and many-body correlations on an equal footing, and presents an exactly soluble model for such a highly correlated system. It is found that the crystal-field effect plays an imponant role in determining the essential features of the electronic structure in the presence of surfaces. The ground-state properties and the photoemission spectrum close to the Fermi level are dominated by the single-panicle terms in the Hamiltonian, although electron-electron correlation effects produce the expected band narrowing.
The single-panicle terms are strongly altered from the bulk structure by the anisotropic environment at surfaces, leading to a "Fermi-level lift" and consequently a slight change of d electron population in the surface region. There is a considerable reduction (from the independent-panicle picture) of the probability of finding two holes in one atom, in the states close to the Fermi level of the photoemission spectrum. As a consequence, the exchange splitting in most of the spectrum is very small, and thus a single-panicle picture provides a reasonably good description. Exchange splitting in the satellite pan is fairly large, corresponding to a high probability of finding two holes in one atom. Compared to the bulk result, the main satellite peak in the Ni -film photoemission spectrum is broader and has a higher relative intensity. This result shows that correlation effects in this thin-film structure are stronger than those in the bulk Ni metal, because of geometric confinement introduced by the presence of surfaces and its consequent band narrowing, many-body effects are more important. 35 Any use of the words "majority" or "minority" in the context of the spin orientation of an energy level refers to electronic spin, not the spin of the hole. In particular, if the spin orientations of all the holes in the ground state are the same, these holes are in minority-spin levels. 
.., according to the single-particle calculation (see Table V ) is denoted by E 0 .
Figure 4
Total spin-resolved density of calculated emitted one-electron states. Solid lines correspond to the majority-spin states; dashed lines correspond to minority-spin states.
Figure 5
The energy spectrum of the probability of finding two holes on the same site in the three-hole eigenstates for the energy range corresponding to the calculated photoemission spectrum.
Figure 6
Spin-resolved density of calculated emitted one-electron states projected on the wave vector and symmetry x 5 of the emitted electron. Solid lines correspond to the majority-spin states; dashed lines correspond to minority-spin states. It can be seen, by comparison with Figure 4 , that all the weight of the peak at the Fermi level comes from the contribution of the emitted electron with majority-spin orientation and x 5
symmetry.
Figure 7
Angle-resolved density of calculated emitted one-electron states, corresponding to the y point in the surface Brillouin zone. Solid lines correspond to majority-spin states; dashed lines correspond to minority-spin states.
Figure 8
Angle-resolved density of calculated emitted one-electron states, corresponding to the x point in the surface Brillouin zone. Solid lines correspond to majority-spin states; dashed lines correspond to minority-spin states.
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